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QUANTUM TRICKS IN THE SHADOWS OF RELATIVITY  
& THE COULOMB FORCE: 




Ilias Perakis  
Department of Physics, University of Crete & 
 Foundation for Research and Technology – Hellas 
 
 
 All-optical switching & coherent control of four-state 
magnetic memory in III(Mn)V ferromagnetic 
semiconductors 
PRL 103, 047404 (2009); PRL 96, 057402 (2006); APL 99, 091111 (2011) 
 Controllable Magnetic Phase Transition during fs laser 
excitation of colossal magnetoresistive manganites 
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Materials for Spin Manipulation: Nano-Magnetism  
MRAM 




Technology Demands:  
 Terabit/inch2   
      information densities 
  10GHz-10THz speeds  
  
 Relevant physical scales:  
 100-10nm length scales 
  100ps-100fs time scales 
  
Fast Spin Manipulation. How? 
Spin Current 
Magnetic Field 
Femtosecond Laser pulses 
1 ms 1 µs 1 ns 1 ps 1 fs 
Different times, different Physics 
10-3 10-6 10-9 10-12 10-15 
1 ms 1 µs 1 ns 1 ps 1 fs 
? 
Spin-orbit, Magnetic Exchange, 




Domain Wall Motion, 
Thermodynamics 
Coulomb & Pauli: Spin Interactions for 
Magnetic Materials  
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Spin Order Parameter 
Shadows of Special Relativity: Spin-Orbit 
Interaction  
 A Relativistic effect at second order in Dirac equation expansion in  1/c  
 Potential   V r   (     due)  to positive nuclei creates E-field felt by moving electron  
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Measuring the Spin 
Order  Parameter: 
,θ η ∝ Μ
Multi-dimensional Ultrafast Spectroscopy 
     Quantum (De)Coherence 
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Density Matrix 
Theory based on density matrix equations  of motion  in presence of interactions  










Grand Challenge:  Control Mat erials Away from Equilibrium
WHEN ULTRAFAST SPECTROSC OPY MEETS MATERIALS
SCIENC E TO… 
 design & control at the electron level complex materials 
phases,  by “suddenly” bringing spin/charge/lattice order  
parameters out-of-equilibrium and then separating them  
based on their time-dependence, the need arises for   
Non-equilibrium many-body theory treating 
Coherence,  Nonlinearity,  Photoexcitation,  & Correlation  
Cross-disciplinary theory-experiment effort bridging 
Materials Science & Technology, Condensed Matter Physics,  
& Ultrafast Spectroscopy (THz, MIR, X-ray)  
http://www.grc.org/programs.aspx?year=2012&program=ultrafast 
Linac Coherent Light Source (LCLS Stanford) , Advanced Light Source (ALS Berkeley) 
Early Universe Cosmological Phase Transitions, Ordering Kinetics in Condensed 
Matter, Quantum Field Theory, Magnetic Systems, RHIC, Superconductors, LHC, 
( , ) [ ][ , ] ( , )
( , ) 0, ( , ) ( , ) ( ) ( )
M r t F Mr M n r t
t M







′ ′ ′ ′< >= < >= − −
   

    
Gaussian Stochastic Processes+Coarse-Grained G-L Free Energy 
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Langevin, Ginzburg-Landau theories of Non- Equilibrium Phase Transitions,  
Magnetization Dynamics, Chemical Dynamics,… 
Assumes that  system is always close to  local quasi-equilibrium   
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A FOUR-STATE MAGNETIC MEMORY 
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Photoinduced Spin-Order Dynamics at T=0 
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Density Matrix: Equations of Motion 
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Assume T(t)=0  :  
Only Non-thermal Dynamics here! 
DENSITY MATRIX EQUATIONS OF MOTION  
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ke σ Spin-polarized holes
along  –x axis
Coherent superposition
Mn-spin along +x axis
kh σ
Chovan & Perakis, Phys. Rev. Lett. 
96, 057402 (2006); Phys. Rev B 77, 
085321 (2008) 
Spin-Orbit competes with Magnetic Exchange Interaction  for 
Femtosecond excitation & Manipulation of carrier Spin  
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PHOTOINDUCED MAGNETIC FIELDS 
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M. D. Kapetanakis, P. Lingos, J. Chovan, C. Piermarocchi, J. Wang, I. E. Perakis,  PRL 103, 047404 (2009); 
PRL 96, 057402 (2006); PRB 77, 085321 (2008); J. Opt. Soc. Am. B 29, A95 (2012); APL 99,091111 (2011) 
J. Qi, Y. Xu, A. Steigerwald, X. Liu, J. K. Furdyna, I. E. Perakis, and N. H. Tolk, Phys. Rev. B 79, 085304 (2009) 
How Fast can you Read your Memory?  
 












a b c 
d e f 
J. Wang, I. E. Perakis et. al., 
Appl. Phys. Lett. 94, 021101 (2009) 
A Spinning Trajectory 3D View-Theory vs Experiment  
Shining Light on Spin: Single pulse 
Laser Field=4x105 V/cm 
Magnon Oscillations  
Laser Field=9x105 V/cm 











A Train of Two Pulses:  Controlling the Spin Oscillation Phase  
 Second pulse suppresses (Ωosct1 = π) or enhances (Ωosct1 = 2π) the precession 
 Agreement with experiment, Hashimoto & Munekata, Appl. Phys. Lett. 93 (2008) 
Teaching Magnetic Systems to Read & Write Ultra-Fast: 
Full Control of their Memory! 
 
Coherent Pulse Trains at 3.08eV  Two-Color Coherent Pulse Trains 
Femtosecond Quantum Coherence does matter!  
«Αρχή ήμισυ παντός»  Plato (Greek Philosopher, 427-347 BC) 
“The beginning is half of everything” 
Control the “initial condition” and you shall influence the future!  
 
 
Conventional Switching (ns) 
 Thermally move Magnetization away from equilibrium direction 
 
 Reverse Magnetization with the help of B-field (spin-up     spin- down)   
 
 Nanosecond time intervals, two-state memory/bit 
 
Precessional /ballistic Switching (100ps)  
 
  Rotate Magnetization around time-dependent magnetic field pulse 
 
  It takes  >100 ps to both initiate & complete the switching: GHz Speeds  
  
All-optical Switching (<100fs) 
 
 A train of phase-coherent tunable laser pulses initiates switching within ~100fs 
(write-time of potential massively parallel magnetic memory) 
 
  Full Coherent Control of Four-state Magnetic Memory doubles the information 




The Strong & Quantum is faster than  
the Weak & Classical 
How fast is fast enough?  
R1-xAx Mn O3  R=La, Pr,… A=Ca, Ba,…   Colossal Magneto-resistive Nanoscale Manganites 
  
Jahn-Teller 
distortion   
Undistorted 
MnO6  cage  Itinerant  Spin 
Local Spin 
Nature, in press (2013) 10.1038/nature11934   





Nature, in press (2013) 
10.1038/nature11934   












3.1eV probe Quantum spin fluctuations 
† †
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e.g., one eigenstate is 
Density Matrix= Spin/Charge Populations + Bond Orders 
Mn4+  populations Mn3+           Mn4+ inter-atomic coherence 
Photoinduced covalent bonding order 
Mn3+  populations 
Mn4+ Mn3+
Density  matrix equations of 
motion  for two lattice sites 
Total local spin at two sites: Photo-induced “spin dimer”    
Nature, in press (2013) 10.1038/nature11934   
Electron Delocalization: Quantum vs. Classical 
Spins   
16 site Unit Cell: 4 sites per chain, 2 
AFM chains per plane, 2 AFM planes   
Quantum Femtosecond magnetism 




Quantum canted AFM 
Local “spin dimer” entanglement 






Femtosecond laser excitation intensity 
Spin switching via non-adiabatic coherent fs excitation  





Coherent Control: “Keeping the Dream Alive” 
Analogous to coherent 
control of bio-chemical 
reactions by creating 
suitable superpositions of 
molecular states! 

Tweeting Quantum Biology: Avian Compass Mechanism 
A biomagnetic sensory mechanism based on magnetic field modulated coherent electron spin motion  
K. Schulten, C. E. Swenberg and A. Weller Zeitschrift fur Physikalische Chemie NF111, 1 (1978) 
Radical-ion-pair reactions are 
the biochemical equivalent of 
the optical double-slit 
experiment 
I. K. Kominis 
Phys. Rev. E  83, 056118 (2011) 
Quantum control and 
entanglement in the 
chemical compass  
J. Cai, G. G. Guerreschi  
& H. J. Briegel 
Phys. Rev. Lett. 104, 
220502 (2010) 
Chemical compass 
model of avian 
magnetoreception 
K. Maeda et al 
Nature 453, 387 
(2008)  
Physics Physics 
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Charge, Orbital, and Spin Order  in the Manganites: 
   
   Mobile carriers interacting  with 
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     The  “Standard Model” of Classical Spins 
  
+ Dagotto, Nagaosa,…. 
46 

Controlling the Material for Switching: Gilbert Damping 
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J. Qi, Y. Xu, A. Steigerwald, X. Liu, J. K. Furdyna, I. E. Perakis, and N. H. Tolk, Phys. Rev. B 79, 085304 (2009) 
